Noroviruses are the leading cause of epidemic acute gastroenteritis and foodborne diarrheal disease in humans. However, there are no approved vaccines for noroviruses. Potential correlates of protection identified through human challenge studies include mucosal IgA, memory B cells, and serum-blocking antibody titers (BT50).
Introduction
Noroviruses are the leading cause of epidemics of acute gastroenteritis and foodborne disease worldwide (1, 2) . Infection is classically characterized by severe vomiting, diarrhea, and abdominal cramping for 28-60 hours within 10-51 hours of exposure (3) . The virus is transmitted by the fecal/oral route, and because of the durability of the virus particles on exposed surfaces (4), severe outbreaks can occur in tight, close-quartered conditions, such as hospitals, military barracks, schools, camps, and ships (5-7).
There are currently no licensed vaccines for norovirus, and lack of an adequate animal model to test efficacy has hindered vaccine development. The most advanced vaccine candidates to date have relied on cell culture-based expression of norovirus VP1, which spontaneously forms a virus-like particle (VLP) that can be subsequently purified. Purified VLPs have been given orally, intranasally, and intramuscularly to mice and humans, usually with adjuvants that improve immunogenicity (reviewed by Riddle et al.) (8) .
Vaccine approaches in humans have focused on the main disease-causing genogroups of norovirus, GI BACKGROUND. Noroviruses are the leading cause of epidemic acute gastroenteritis and foodborne diarrheal disease in humans. However, there are no approved vaccines for noroviruses. Potential correlates of protection identified through human challenge studies include mucosal IgA, memory B cells, and serum-blocking antibody titers (BT50).
METHODS.
We conducted a single-site, randomized, double-blind, placebo-controlled clinical trial of an oral norovirus vaccine to determine safety and immunogenicity. This tablet vaccine is comprised of a nonreplicating adenovirus-based vector expressing the VP1 gene from the GI.1 norovirus strain and a double-stranded RNA adjuvant. Sixty-six adult subjects meeting inclusion/ exclusion criteria were randomized 2:1 to receive a single vaccine dose or placebo, respectively. Immunogenicity was primarily assessed by serum BT50. Additional outcomes included serum ELISA titers, fecal and saliva antibody titers, memory and antibody-secreting cell (ASC) frequency, and B cell phenotyping.
RESULTS.
The vaccine was well-tolerated, with no dose-limiting toxicities. Adverse events were mild or moderate. The primary immunological endpoint (increase in BT50 titers) was met in the high-dose group (P = 0.0003), with 78% showing a ≥2-fold rise in titers after a single immunization. Vaccine recipients also developed mucosally primed VP1-specific circulating ASCs, IgA + memory B cells expressing gut-homing receptor (α4β7), and fecal IgA, indicating substantial and local responses potentially relevant to prevent norovirus infection.
CONCLUSION. This oral norovirus vaccine was well-tolerated and generated substantial immune responses, including systemic and mucosal antibodies as well as memory IgA/IgG. These results are a major step forward for the development of a safe and immunogenic oral norovirus vaccine. TRIAL REGISTRATION. ClinicalTrials.gov NCT02868073.
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and GII, using VLP preparations. In a human clinical trial, intranasal administration of a VLP (from the GI.1 Norwalk strain or genotype) plus monophosphoryl lipid A and chitosan, reduced norovirus-associated acute gastroenteritis following homologous challenge (9) . A subsequent human study tested an intramuscular bivalent vaccine containing components from two different genogroups (VLP from GI.1 and a consensus VLP sequence derived from 3 GII.4 norovirus strains) (10) . This vaccine was well tolerated and immunogenic, and it decreased the severity of illness after challenge with GII.4 norovirus. However, the incidence of GII.4 norovirus-associated acute gastroenteritis was not significantly reduced (10) .
Norovirus strains are genetically diverse, and infection with a single strain does not confer long-term sterilizing immunity but rather short-term protection (11) . Similarly, long-term immunity has been difficult to achieve for some enteric vaccines, possibly due to the rapid decline of intestinal IgA compared with longer-term serum IgG responses (12) . Mucosal IgA likely plays a pivotal role in norovirus protection, but human challenge studies have shown that serum IgA, memory B cell responses, and serum histo-blood group antigen-blocking (HBGA-blocking) titers (BT50) are all potential immunological correlates of protection (9, (13) (14) (15) . Vaccine development must overcome these challenges and determine true immunological correlates of efficacy. An easy to administer vaccine capable of generating a broader immune response through activation of multiple lines of defense could provide a solution to the challenges of norovirus infection.
Vaxart is developing an oral vaccine platform, which has been tested successfully in multiple phase I human studies with an H1 influenza vaccine candidate. The orally administered vaccine tablet platform is well tolerated and generates robust neutralizing antibody responses to influenza as well as mucosal immune responses (16, 17) . In poliovirus human vaccine studies, Dey et al. have shown that a virus-specific antibody-secreting cell (ASC) response can be used as a measure of mucosal immunity induction following oral vaccination against an enteric pathogen (18). In their study, virus-specific ASCs that expressed the α4β7 integrin were used as a biomarker for mucosal immunity, since α4β7 is involved in selective B cell homing to mucosal intestinal tissues. The Vaxart vector approach has also been shown to induce IgA ASCs and α4β7-expressing B cells (16) in humans, suggesting that this vaccine platform is capable of initiating an intestinal immune response that could be especially advantageous for deterring a pathogen that infects the intestinal mucosa.
Vaxart has now constructed a gene-based vaccine aimed at inducing protective immunity and preventing norovirus illness using the same platform investigated in the influenza trials. This vaccine is expected to express VP1 in vivo in human intestinal epithelial cells, in a manner similar to natural norovirus infection. Additionally, this gene-based vaccine approach allows for multiple antigens to be expressed from the same vector and potentially facilitate rapid changes to the vaccine antigen as new norovirus strains evolve. These technological advantages could prove useful in deterring a genetically diverse virus, such as norovirus. Here, we present and discuss the safety and immunogenicity profile of this oral tableted norovirus vaccine candidate in a first-in-human clinical study.
Results

Demographics
Between July and September of 2016 in Nebraska, USA, 152 subjects were screened and 66 subjects were enrolled and dosed. Sixty-five of sixty-six subjects completed safety and immunogenicity assessments through the active phase (day 28), and one subject in the placebo group withdrew before day 7 ( Figure 1 ). Subject demographics are provided in Table 1 .
Summary of adverse events
All solicited adverse events (AEs) reported in this trial (n = 46) were grade 1 or 2 in severity, with the majority being mild events (44 grade 1 and 2 grade 2 events). The percentage of subjects with any solicited symptoms was similar between test and placebo treatments ( Table 2 ). In the first 7 days following study drug administration, 35 study subjects had at least one solicited AE reported, with 25 of 46 (54%) subjects in the VXA-G1.1-NN vaccine groups and 10 of 20 (50%) subjects in the placebo group (Table 2 ). Diarrhea and headache were the most common solicited symptoms following VXA-G1.1-NN administration, both of which were reported by 15 of 23 (33%) subjects in the treated groups. Headache and nausea were reported evenly across treatments, including placebo. The only solicited symptom demonstrating a statistically significant difference from placebo was diarrhea (P = 0.0275), which was reported by 11 subjects in the high-dose group. Nine of the eleven subjects reported mild severity diarrhea, while two subjects reported moderate severity episodes following the high-dose vaccine. Onset of diarrhea (verbatim term "loose stools") ranged from day 1 to day 6 following vaccine administration, and most episodes resolved within 1 day. Because there were no reports of increased frequency of diarrhea in other clinical studies using the same platform with a different transgene antigen (17), we hypothesized that VP1 expression in the intestine could be causing the reported diarrhea. However, a subsequent norovirus vaccine clinical study in which subjects were given two high doses of vaccine from the same good manufacturing practice (GMP) lot (ClinicalTrials.gov NCT03125473) 28 days apart showed no such propensity for loose stools; only 1 of 15 subjects (6.7%) reported diarrhea (D. Liebowitz, unpublished observations). These results suggest that the diarrhea finding is a statistical aberration. At no point did any loose stool symptoms effect normal activity, such as work or school, and none of them required treatment with antidiarrheal medications or rehydration therapy.
A total of 83 unsolicited treatment emergent AEs (TEAEs) were reported by 33 of the 66 subjects within the first 28 days after dosing, with slightly more placebo subjects (12 of 20, 60%) reporting AEs than lowdose (11 of 23, 48%) or high-dose vaccinated subjects (10 of 23, 44%). Headache was the most common 
Immunogenicity results
Primary immunogenicity analysis. Antibody responses to norovirus VP1 were assessed by BT50 assay. Titers were measured by using either Lewis B (Le b ) or type H1 (H1) synthetic glycan as the coating antigen. Using the Le b assay, 14 of 23 (61%) subjects had a 2-fold rise in the low-dose group, and 18 of 23 (78%) had a 2-fold rise or greater in the high-dose group. One subject in the placebo group had a greater than 2-fold rise. On day 28, the geometric mean titer (GMT), as determined by the Le b assay, for the low-dose vaccine group was 59.0 (95% CI 33.0-105.4), a 2.3-fold geometric mean fold rise (GMFR) over the initial GMT of 26.2 (95% CI 16.6-41.2) at baseline. The GMT for the high-dose vaccine group was 98.5 (95% CI 64.4-150.7), a 3.8-fold GMFR over the initial GMT of 25.8 (95% CI 18.3-36.2) at baseline. Similar observations were made for titers measured with H1. The high-dose group had significantly increased titers compared with placebo on day 28, as determined by either Le b (P = 0.0003) or H1 (P = 0.001) BT50 assay ( Table 3 ). The effects of blood type and preexisting immunity to adenovirus serotype 5 (Ad5) were insignificant in terms of fold rise in BT50 titers (Supplemental Figures 1 and 2) .
Serum antibody response. Serum antibody responses to the vaccine were measured before and after immunization by IgG and IgA ELISA. The changes in titers at the median effective concentration (EC 50 ) between days 0 and 28 were calculated for each subject. The titers in the vaccine groups were significantly (P < 0.0001) increased, and the majority of those subjects had an increase in antibody responses after immunization. The average changes for IgA and IgG EC 50 for the low-dose group were 16-fold and 7.1-fold, respectively. Similar- 
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ly, the average changes for IgA and IgG in the EC 50 for the high-dose group were 9-fold and 5.4-fold, respectively. The changes in EC 50 are plotted for each subject, separated by group (Figure 2A) .
Memory and ASC responses. The ability of the vaccine to induce antigen-specific antibody-producing B cells in peripheral blood was measured by ASC assay ( Figure 2B ). In the low-dose group, 16 of 23 (70%) subjects had positive IgA and IgG ASC responses 7 days after vaccination, and in the high-dose group, 19 of 23 (83%) subjects had these positive responses. Background ASCs were generally negligible on day 0. For the high-dose group, averages of 561 IgA ASCs (95% CI 240.5-881.3) and 278 IgG ASCs (95% CI 107.3-448.9), each per 1 × 10 6 peripheral blood mononuclear cells (PBMCs), were detected on day 7. For the low-dose group, averages of 372 IgA ASCs (95% CI 154.1-589.9) and 107 IgG ASCs (95% CI 58.1-156.6) were found on day 7. The placebo group had no significant response, with an average of 3.3 IgA ASC spots (95% CI 2.0-4.5) and 2.2 IgG ASC spots (95% CI 0.52-3.88), each per 1 × 10 6 PBMCs, on day 7. The vaccine treated groups were significantly different than the placebo group in terms of their ability to elicit an IgG or an IgA ASC response at day 7 (P < 0.0001 by Kruskal-Wallis, P < 0.0001 by Mann-Whitney). There was no statistical difference in the number of spots for IgA and IgG ASCs between the high-and low-dose groups (P = 0.21 for IgA and P = 0.28 for IgG by Mann-Whitney).
Expansion of antigen-specific memory B cells after immunization was investigated after culturing PBMCs with polyclonal stimulators (19, 20) . The numbers of VP1-specific IgG memory B cells were higher than those of IgA memory B cells in the day 0 samples (Figure 2C ). After immunization, the response at day 7 was higher for IgA memory B cells. In the high-dose group, the GMFR for IgA was 15.3, while IgG ) groups were examined. The black horizontal bars represent means, with error bars indicating the 95% confidence interval. For A-G, data are from one subject, but the analysis was performed on all 66 subjects, and the results are representative of the responding vaccine subjects (>70%). H shows the distribution of β7 on all vaccine-treated subjects. insight.jci.org https://doi.org/10.1172/jci.insight.121077
was 6.5 at day 7, before declining again at day 28. In the low-dose group, a GMFR of 7.4 for IgA and 3.7 for IgG was observed at day 7, before it declined again at day 28. The decline from day 7 to day 28 may have resulted from homing of circulating B cells from the peripheral blood to the intestinal lymphoid tissues via expression of high levels of α4β7 (shown and discussed below). In the high-dose group at day 7, 20 of 23 (87%) subjects and 19 of 23 (83%) subjects had a ≥2-fold increase for IgA and IgG, respectively, compared with day 0 values. In the low-dose group at day 7, 18 of 23 (78%) subjects and 13 of 23 (57%) subjects had a ≥ 2-fold increase for IgA and IgG, respectively, compared with day 0 values. The vaccine subjects had significantly higher cell counts on day 7 (P < 0.0001 by Kruskal-Wallis and P < 0.0001 by Mann-Whitney), and the high dose subjects had significantly higher cell counts than low dose subjects P = 0.0038 and P = 0.0051 for IgG and IgA, respectively, when comparing low versus high groups by Mann-Whitney.
Mucosal antibody responses. Vaccine-induced VP1-specific mucosal IgA responses were evaluated in saliva and fecal extracts. Because the quantity of IgA can be highly variable in mucosal samples, the ratio of VP1-specific IgA to total IgA was determined for each sample; those with IgA levels below the detection limit were excluded from analysis. The increase in the ratio of specific IgA to total IgA was measured between baseline and day 28 (and baseline and day 180 for fecal IgA). In the high-dose group, 9 of 19 (47%) subjects had 4-fold or greater IgA responses at day 28, and 9 of 21 (43%) subjects had 4-fold or greater IgA responses at day 180 ( Figure 2D) ; the average fold increases in the specific IgA to total IgA ratio were 17.2 and 9.7, respectively. Responses in the high-dose vaccine group were significantly higher than those in the placebo group, where 2 of 18 (11%) subjects at day 28 (P = 0.029) and 0 of 16 (0%) subjects at day 180 (P = 0.0049) were found to have 4-fold or greater increases after vaccination, with average increases of 1.8 and 1.0 ( Figure  2D ). Fecal IgA responses in the low-dose group were similar to those of the high-dose group, with 7 of 20 (35%) subjects and 5 of 16 (31%) subjects showing 4-fold increases on days 28 and 180, respectively. There was a trend of higher rates of response compared with the placebo group on day 28, but the difference was only statistically significant on day 180 (P = 0.13, P = 0.043). The average fold increase in specific IgA to total IgA ratio for the low-dose group was 36.2 on day 28 and 5.6 on day 180 ( Figure 2D ). Fewer saliva samples from vaccine recipients showed increases in the specific IgA to total IgA ratios between baseline and day 28 ( Figure 2E ). The high-dose and low-dose groups each had 4 subjects with a 4-fold rise versus none for the placebo group (P = 0.11). The average fold increase in the specific IgA to total IgA ratio was 2.0 for the low-dose group, 2.9 for the high-dose group, and 1.2 for the placebo group.
Mucosally primed B cells expressing gut-homing markers. The trafficking and activation properties of B cells were assessed by examining the expression of the mucosal homing receptor α4β7 and the small intestinal chemokine CCR9 on circulating B cells. These markers have been associated with intestinal homing in humans (21) . Previously, we reported that β7 hi B cells coexpressed α4 hi integrin and that a substantial number of the plasmablasts activated by oral immunization could be tracked by β7 hi expression. In the current study, a clear and distinct population of β7 hi B cells was observed after vaccination ( Figure 3A ). Up to 24% of B cells in the peripheral blood were found to express β7 hi . The surface expression of IgA and IgG was then examined on β7 hi B cells to ascertain whether these orally primed β7 hi B cells were committed for IgA production (enriched in surface IgA). Representative results from one subject presented in Figure 3B indicate that 55.3% of β7 hi B cells (population 1) expressed surface IgA. In contrast to β7 hi B cells, only 19.9% of β7 -B cells (population 3) expressed surface IgA. The large double-negative IgG-and IgA-expressing β7 hi B cells (34.3%) in population 2 could be IgM, IgD, or even IgG-secreting B cells, because surface IgG expression is known to be downregulated on activated B cells (22) . Further characterization of the β7 hi B cell population 1 showed that they coexpressed high levels of CD38 (a marker of recent activation) and chemokine CCR9 ( Figure 3C ).
Antigen-specific ASCs and memory B cells were detected in peripheral blood, as shown in Figure 2 , B and C. The mucosally primed expanded memory B cells and plasmablasts were phenotypically distinguished by flow cytometry through expression of CD27 on the β7 hi B cells in each of these populations. Plasmablasts (CD27 hi , population 4) and memory β7 hi B cells (CD27 intermediate , population 5) were elicited after oral immunization (Figure 3D) . Definition of these CD27 hi and intermediate gates was supported by analysis of cell size. As expected, CD27 hi plasmablasts are larger in size (higher forward-side-scatter [FSC] signal) due to clonal expansion ( Figure  3E ). Both vaccine-induced plasmablast and memory B cell populations expressed surface IgA ( Figure 3F) .
We next investigated the expression of mucosal homing receptors on IgA + expressing plasmablasts to assess the pool of IgA + committed cells with capacity to return to the intestinal environment. The gating strategy is shown in Figure 3G . Selection of CD27 hi B cells was followed by gating IgA + B cells and then measuring the percentage of β7 hi cells. As seen in the day 0 plot (Figure 3G ), very few CD27 hi B cells were detected before vacci-insight.jci.org https://doi.org/10.1172/jci.insight.121077 (23, 24) . Taken together, these data suggest that the VXA-G1.1-NN tableted norovirus vaccine elicited robust intestinal homing IgA-expressing plasmablasts and memory B cells.
Discussion
Norovirus infection is a common affliction that spreads rapidly in confined locations and can lead to the closure of hospitals and camps and the quarantining of cruise and military ships. The societal economic costs due to norovirus infections have been estimated to be $60 billion worldwide (25) . The ability to provide long-term protection is difficult because of significant virus heterogeneity and a potential reliance on an intestinal IgA response, which has been known to be more transient than serum immune responses (12, 26) . In this study, we found that an oral adenovirus vector-based vaccine approach was well tolerated and induced substantial effector and memory B cell mucosal immunity after a single administration. Fecal IgA responses were still elevated 6 months after immunization. In addition, there was no evidence that preexisting immunity to the recombinant Ad5 (rAd5) vector affected the ability to elicit a norovirus-specific immune response (see Supplemental Methods), which has been demonstrated in additional indications and studies using the same oral vaccine platform (17, 27) .
Several VLP norovirus vaccines have been tested in clinical trials. Those delivered either intranasally or intramuscularly with potent adjuvants were immunogenic and showed positive signs of protection based on human challenge models (9, 10) . Published studies on the intranasal GI.1 monovalent vaccine (found to be protective in a human challenge model) elicited ASC counts of 50-200 (28), which is the same order of magnitude seen in the present study (ASC counts of 300-500). GMFR IgA antibody responses to one dose of the intranasal monovalent GI.1 VLP increased by approximately 4-fold, which is similar to the increase observed with a single dose of this rAd oral vaccine. In the intramuscular bivalent VLP vaccine, a 5.8 GMFR increase in memory IgA and a 19.1 increase in the memory IgG were reported by Ramani et al. in the highest dose group tested (29) . Our study demonstrated skewing toward mucosally primed IgA B cell memory with a GMFR increase of 15 in antigen-specific memory IgA and a 6-fold increase in memory IgG. There have been no reports of direct fecal IgA induction following either intranasal or intramuscular administration of a VLP-based vaccine. However, in studies run by Tacket et al. with an oral VLP vaccine, 3 of 10 subjects had a 4-fold increase in fecal IgA, with a 3-fold average increase in the specific IgA response (30) . The rAd oral vaccine described herein induced a much stronger IgA response, with a 17-to 36-fold average increase in the same time period.
Noroviruses are a diverse group, with over 30 different genotypes and 6 defined genogroups. Because the number of genotypes represented by a single vaccine is limited, it would be challenging to elicit a host response capable of blocking all norovirus strains from binding target epithelial cells. Inclusion of more than two GLP products in the same vaccine preparation might be expensive and increase the risk of interference. An oral adenoviral-based approach offers the potential advantage of incorporating multiple VP genes in the same GMP vector, and multiple vaccines could be given easily in separate tablets. Another benefit of oral delivery is that the ensuing local IgA responses might be less restricted than those for IgG, allowing for a wider range of functional antibodies to be effective. IgA-mediated protection in the gut relies on immune exclusion in the intestinal lumen and virus excretion from lamina propria in a neutralizing epitope-dependent and -independent manner (31, 32) . In essence, a cross-strain antibody response may be generated where antibodies incapable of blocking receptor binding directly can still inhibit norovirus infection.
Protection from an enteric pathogen, particularly one like norovirus with rapid induction of severe clinical symptoms, likely relies on fast and local adaptive immune responses at the site of infection. Indeed, studies have shown that mucosal immune responses are as important as serum-blocking antibodies for protection against norovirus gastroenteritis (9, (13) (14) (15) . We hypothesized that oral immunization, where the site of immune activation in the intestine matches the site of norovirus infection, could be the optimal method for generating protective immunity. Ideally, an effective enteric vaccine is expected to elicit memory B cells capable of migrating to the intestinal tissues, which would allow for rapid responses upon infection. Specifically, antigen-specific memory B cells in the vaccinated groups (and expansion of the VP1-specific IgA in stool) were elicited after oral rAd vaccine administration. In a detailed flow analysis, the vaccine also insight.jci.org https://doi.org/10.1172/jci.insight.121077
C L I N I C A L M E D I C I N E
elicited activated memory and effector IgA-committed B cells bearing the α4β7 homing receptors, indicating their capacity to track to the intestinal mucosa. For polio, which is also an enteric virus, the presence of IgA ASCs expressing α4β7 markers following oral vaccination has been shown to correlate with protection against shedding following challenge (18) . These hypotheses will be tested in future challenge and/or efficacy studies of the rAd oral norovirus vaccine.
In summary, while this was a phase I study and limited in numbers, the single-dose oral rAd-based norovirus vaccine was found to be well tolerated and immunogenic in humans. The broad mucosal immune response induced suggests that this vaccine may offer protection beyond current approaches. Subsequent studies will evaluate multidose and multistrain formats along with vaccine efficacy.
Methods
Clinical protocol and enrollment. This phase I study evaluated safety and immunogenicity of a rAd5-based oral vaccine against the norovirus GI.1 (Norwalk) strain using 2 dose levels administered at a single clinical site. Enrollment criteria can be found in the Supplemental Methods. The active phase of the trial was through day 28, with the safety follow-up to monitor for AEs of special interest (AESIs) continuing for 1 year after vaccination.
Randomization and masking. The study was designed to evaluate the vaccine (VXA-G1.1-NN) in 23 subjects at a single low dose of 1 × 10 10 infectious units (IU) or in 23 subjects at a single high dose of 1 × 10 11 IU; additionally, 20 subjects were randomized to the placebo control. Initially, 3 sentinel vaccine-treated subjects were sequentially enrolled and assigned to the lower dose level, with each subject dosed no more frequently than once every 24 hours. After 1 week of monitoring for vaccine-related toxicities, 30 subjects were randomized in a 2:1 ratio to either the lower dose vaccine (n = 20) or the placebo control (n = 10) in a blinded manner. Once the lower dose cohorts were enrolled, the high-dose phase was completed in the same manner. Randomization was performed by computer-generated assignment, and study drug was distributed with concealed identity to the blinded site staff by the unblinded pharmacist. All investigative site staff as well as persons directly involved with immunological assays or the assessment of clinical safety remained blinded to treatment assignments. All subjects were blinded to treatment as well.
Sample size. This phase I trial is a first-in-human study with the VXA-G1.1-NN vaccine candidate. In the absence of clinical data, sample size was determined based on similar phase I vaccine studies and the number predicted to yield meaningful immunogenicity results. A sample size of 20 in each vaccine group and 20 in the placebo group was calculated to provide approximately 86% power to detect a group difference, assuming the proportion of response (observed in serum IgG VP1) in the vaccine group was 50% and in the placebo group was 0%, using 2-group Fisher's exact 2-sided test at a significance level of 0.05 (based on commercially available software, nQuery version 8, by Statistical Solutions Ltd).
Norovirus vaccine. The nonreplicating rAd vector carries DNA, which encodes VP1 from the GI.1 Norwalk strain of norovirus, with expression driven by a CMV promoter and expressed from the missing E1 region of rAd. The vector also encodes a molecular dsRNA hairpin adjuvant driven by a separate promoter. Details of the rAd vector platform have been described previously (27) . GMP drug substance was produced in HyClone Single Use Bioreactors (GE Healthcare Life Sciences) at Lonza Biologicals. Purification was performed by ion exchange chromatography, followed by buffer exchange. Purified vector was mixed with excipients, lyophilized, and then tableted at Lonza using microcrystalline cellulose (FMC) and starch (Colorcon) as tableting bulk. Tablets were enteric coated with Eudragit L100 (Evonik Industries) using a Vector Hi-Coater system (Vector Freund). The final product was released in one lot and titered by standard IU assay at Lonza. Placebo was prepared as similarly sized and shaped tablets containing 250 mg microcrystalline cellulose.
Safety assessments. TEAEs were collected from time of initial vaccination. The PI assessed solicited and unsolicited AEs in a blinded manner. The Safety Monitoring Committee oversaw the safety of the study but did not participate in grading AEs. Solicited AEs (reactogenicity) were collected with the aid of a 7-day solicited symptoms diary card. Unsolicited AEs (all other clinical AEs) were collected with the aid of an unsolicited diary card through day 28. To grade AEs, the PI followed the Center for Biologics Evaluation and Research and ref. 33 .
Because we believe the adjuvant component of the vaccine to be novel, occurrences of AESI and new onset of chronic illness (NOCI) were also collected. They included neuroinflammatory disorders, musculoskeletal disorders, gastrointestinal disorders, metabolic diseases, skin disorders, and other autoimmune disorders. No AESIs or NOCIs were reported through the end of the monitoring period (365 days after immunization).
Endpoints. The primary endpoint for this study was safety. The secondary endpoint, immunogenicity, was assessed through the active phase (day 28), primarily by BT50 titers to GI.1 VLP. Additional immu-nological endpoints investigated included ASCs, specific serum antibody titers, measurement of mucosal homing markers on B cells, fecal and saliva IgA ELISA responses, and memory B cell responses.
BT50 assays. The HBGA-blocking assays (BT50s) have been used historically as a surrogate for neutralizing antibody responses in norovirus studies. These assays measure the ability to block interaction of a blood antigen with a norovirus VLP. The BT50s were qualified and assays were performed by Q2 Solutions, using the method described by Reeck et al. (13) . Briefly, biotinylated Le b or H1 (Glycotech) at 2.5 μg/ml was used to coat NeutrAvidin-coated plates (Thermo Fisher Scientific). Two-fold dilutions of serum with GI.1 VLP were incubated at 37 o C for 1 hour. The mixture of VLP and serum samples was added to HBGA-coated plates and incubated at 4°C for 2 hours. After washing, rabbit anti-GI.1 VLP polyclonal antisera (made by Thermo Fisher Scientific specifically for Vaxart) was added and incubated at 4 o human IgA standard (Mabtech) was serially diluted from 200 ng/ml before being added to the plates. The bound antibodies were detected by the HRP-conjugated IgA antibody (MT20-ALP, Mabtech) followed by p-nitrophenyl-phosphate substrate. OD values at 405 nm were measured using a microplate reader (Spectramax M2, Molecular Devices). For specific IgA, MaxiSorp plates were coated with G1.1 VLP (1 μg/ml), and samples were diluted serially starting at 1:2. Total and norovirus-specific IgA concentrations were calculated by interpolation of sample OD values into the standard IgA curve. Results were reported as ratios of VP1-specific IgA to total IgA.
Statistics. Per protocol, an analysis of covariance model was performed on (log-transformed) BT50 titers, and results showed the treated groups to be statistically different from placebo. However, the analysis required normally distributed data, a condition which was found afterward not to have been met. Therefore, nonparametric methods were used for analysis of (log-transformed) neutralizing antibody titers. A Kruskal-Wallis test was used to test for any BT50 titer differences (as well as some additional comparisons between groups) and, if significant, paired-wise vaccine dose group comparisons with placebo were performed using a Mann-Whitney U test. For the additional endpoints, treatment group differences were compared using 2-group Mann-Whitney or unpaired 2-tailed t test (2 sided) in continuous variables and Fisher's exact test (2 tailed) in categorical variables. P values less than 0.05 were considered significant.
Study approval. The study was conducted in accordance with applicable Good Clinical Practice guidelines, the United States Code of Federal Regulations, and the International Conference on Harmonization guidelines. IRB approval was obtained from the Chesapeake IRB (Columbia, Maryland, USA; AAHRPP accredited) before study-specific screening and enrollment of subjects. Informed consent was obtained from all subjects after discussion of the study procedures and potential risks.
Author contributions
LK and SNT wrote the paper. KK and KL ran immunological assays. LK, DL, KG, and SNT analyzed the data. DL and SJG designed the clinical protocol. MFP was responsible for the fecal IgA analysis. GT developed the tableting procedure. SJG and DL were responsible for clinical operations.
